To control river regime from ship wave attacks, porous structure have been built along the riverbank. The results are not as good as expected at all locations even though same structures are applied. This study firstly investigated the interaction between porous structure and waves under different volumetric porosity of structure (θ) by conducting physical experiments. Based on that, relationship between θ and drag coefficient was established by using a 1-D model. The optimal θ to mitigate wave attacks was then determined by a 2-D model taking into consideration not only cross slope behind groins (i) but also the gap between two neighboring groins (G). In cases of i =1/100, the combination of  = 0.4 and L/G = 5 (L is the stream-wise length of a groin) could bring out the best wave energy reduction. It is necessary to consider both of i and G for designing stream-wise groins.
INTRODUCTION
Waves generated by boats contain massive amounts of energy that can seriously erode the riparian and coastal environment. In navigation channels, boat-generated waves are very common, causing severe wave-wash damage to the bank. Various types of countermeasures have been applied so far to counteract wave attacks, either vegetation or artificial constructions such as groin, breakwater, sea wall, etc…in both riparian and coastal regions. Studies regarding impermeable structures are abundant, not only about their designs but also the hydraulic phenomenon happening around this type of structure and how it affects on morphological processes. Alauddin and Tsujimoto 1) studied the optimum design of groins for stabilization of alluvial rivers with fine sediments by changing various configurations whereas Oh and Shin 2) focused on the building material. Ibrahim 3) paid attention on the effect of groin placed in different angle to the current on the scour geometry with the purpose of minimizing erosion adjacent to the stream banks.
Other researchers either by doing experiment 4) or numerical simulation [5] [6] investigated the change of bathymetry due to groin impact. In their studies, the complex sediment transportation and distribution around this structure was analyzed. In addition, the capability of wave energy absorption and sand accretion was considered in the studies of Iskander et al. 7) and Dolphin et al. 8) . They found out the effectiveness of shore-parallel breakwaters in stabilizing the beach, creating a safe area for swimming and recreational activities as well as their impact on the wider littoral drift system. These studies, however, focus on the impermeable structure whereas permeable structures placed parallel the bank have not had been paid much attention. For this type of structure, water with sediment is able to transfer shoreward through its body and create such an environmental area for aquatic habitats. Obviously, with permeable structures, porosity is a very essential parameter which can affect wave attenuation. Because the drag coefficient depends strongly on the projected area of structure, the change of porosity would affect this coefficient and therefore, affects the efficacy of porous structure in aspect of wave attenuation as well. In addition, from the fact observed at Arakawa River that although same design of porous structures are deployed; the effectiveness is not the same that suspects to be related to different riverbed slope conditions. Thus, the objectives of this study were to (1) investigate the interaction between wave and porous structure in order to establish a relationship between porosity and drag coefficient, and (2) determine such an optimal design to deal with wave attack considering not only the porosity of structure but also the ground slope condition behind the structure and the deployment of structures at site.
METHODOLOGY (1) Experimental setup and apparatus a) Experimental apparatus
The hydraulic experiments were conducted in a wave flume, which is located in the Hydraulic Laboratory at the Saitama University (Fig. 1) . The flume is of 18 m in length, 0.7 m in height, and 0.4 m in width. A wave generator is installed at the upstream to create waves for experiments. The structure model was placed on the flume bed at 11 m from the upstream side and extended 1 m downstream. This porous structure was made of gravel with a volume of 1 m long x 0.5 m high x 0.4 m wide. The porosity of structure () was calculated as following
where V is the geometric volume of structure model and V s is the volume of gravel (solid volume). The porosity was adjusted by steel cylindrical box which have a diameter of 0.05 m and the height of 0.1 m. The increase of number of these boxes increases the porosity of structure. For convenient following, three cases of porosity were named as A, B, and C for  = 0.2, 0.5, and 0.7, respectively. The wave height and velocity were measured at 4 positions along the flume. The first position was 0.5 m in front of the structure. The second and the third positions were inside the structure, which was 11.3 m and 11.7 m, respectively from the upstream. The last position was 0.5 m behind the porous structure. The wave gauge and the electromagnetic current meter were deployed in the same row perpendicular to the wave direction for synchronic measurement purpose.
b) Experimental cases
For establishing the relationship between porosity and drag coefficient of structure, three values of porosity  were used in the experiment. In addition, the hydraulic conditions including still water depth h and wave height H were also changed. The details of experimental cases are shown in the Table 1 . Thus, there are totally 27 batch runs at a position.
(2) Field investigation
The field investigations were conducted in Arakawa River at Higashi Yotsugi and Kawaguchi, where porous structures are deployed along the riverbank (Fig. 2) . Ship wave propagation towards shore was measured by an outdoor wave gauge which consists of three parts, the wave height meter which shows value of wave height in voltage unit, a head amplifier, and a detecting string. I_14 Table 1 Summary of all experimental cases in the study 
where is the water surface elevation, Q is the flow rate, h is the still water depth,  is the correction factor of the dispersion term (=1/15), g is the gravitational acceleration,  is water density,  b is the shear stresses acting on the bed and given by:
where n is the Manning roughness coefficient, fD and fM are drag force and inertia force per unit area, respectively. These two forces are reformulated to be compatible with the governing equations as following
where CD and CM are drag and inertial coefficients. Usually, these two coefficients are determined by numerical simulation using trial and error process 9) . In their studies, it is interesting to find out that the wave damping due to the porous structure was affected by drag coefficient CD considerably whereas very small change could be observed with the change of inertial coefficient CM. Therefore, in the present study, CM value was fixed at 2.0 while CD values were determined by numerical calibration with experimental results. b) 2-D model to determine an optimal design of porous structure for wave attenuation The Boussinesq-type equations 10) are solved numerically with a moving ship boundary 11) . Dam et al. 12) added the effect of energy dissipation due to wave breaking modeled by introducing eddy viscosity terms (Rbx and Rby). 
where Qx and Qy are the depth-integrated velocity components in x and y directions, respectively, t is the time and d is the total depth (d = h + ). The same equations as Chen and Sharma 11) were applied for the boundary condition of a moving ship. The effect of energy dissipation due to wave breaking modeled by introducing eddy viscosity terms Rbx and Rby calculated by using equation as Kennedy et al. 13) . bx and by are the shear stresses acting on the bed in x and y directions and given by
Considering the porosity, fx and fy (drag force in x and y direction) were calculated as following
RESULTS AND DISCUSSIONS
(1) Wave propagation through the porous structure Fig. 3a and b show the representative of wave height reduction and velocity reduction due to the effect of porous structure in the case of  = 0.2.
Here H 1 and U 1 are wave height and velocity, respectively measured at position 1 while H n and U n are wave height and velocity measured at position 2, 3, and 4. The wave height decreases significantly when transmitting through porous structure. Considering the same still water depth, it can be seen from Fig. 3a that the higher the incident wave is, the better wave height reduction can be obtained. In addition, the wave height reduction increases with the increase of still water depth from 25 cm to 30 cm and 35 cm. The opposite trend is observed in Fig. 3b as the increase of still water depth will decrease velocity reduction.
(2) Numerical simulation a) 1-D model validation and application
As mentioned earlier, because of being less sensitive than drag coefficient, the inertia coefficient is fixed as 2.0 while drag coefficient will be determined by trial and error process. The model is validated once the surface elevation and maximum wave height measured and calculated are matched the most. Karim et al. 9) shows that the drag coefficient C D affects the wave damping inside structure considerably that would bring out distinct wave height behind the structure. Thus, the wave heights at position 4 corresponding with different C D values calculated by the 1-D model are compared with experimental results. In this study, the coefficient of determination R 2 is used to determine the most appropriate C D value. Fig. 4 shows a representative case for porosity of being 0.7. It can be seen that when C D is 1.5, the coefficient of determination R 2 is the closest to 1, which means the maximum calculated wave heights and those measured in the experiment are well-matched. Therefore, this C D value is selected corresponding to porosity of 0.7. In addition, Fig. 5 also shows the comparison of surface elevation calculated by numerical simulation with selected drag coefficient and measured data for the case of porosity  = 0.7.
Applying this method, the relationship between porosity and drag coefficient is established in Fig. 6 as the drag coefficient decreases with the increase of porosity. This result agrees well with the study of Iimura and Tanaka 14) 
b) 2-D model validation and application
The model is validated by comparing the surface elevation calculated by simulation and those measured at the field. The cross slope effect is taken into consideration because the two selected Fig. 7 shows comparison between calculated and observed surface elevation at two locations. Because, same river cross sectional shape is applied in all simulated region in this simulation, there are difference between observed and calculated values. However, 2-D model can simulate relatively well the maximum wave height and timing which ship wave reached at measurement location under different slope effects. Therefore it can be used for establishing a relationship between energy flux reduction and porosity of structure under various slope conditions. The wave energy flux E is calculated as following
where H A is wave amplitude and  is wave velocity. The wave energy reduction is then obtained by taking E 2 /E 1 where E 2 and E 1 are average wave energy fluxes in the case of with and without porous structure calculated behind center of a groin. Fig. 8 indicates that the wave energy reduction changes with the change of porosity. For most of the cases, the increase of porosity will decrease the 
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wave energy reduction of the porous structure. In addition, the ground slope condition affects the capability of porous structure in terms of wave reduction. It can be seen that the milder slope is, the better performance of porous structure on wave reduction is obtained. It is because wave energy is dissipated mainly by the interaction with structure rather than the bed friction. Noticeably, as the ground slope becomes gentler, wave energy reductions are not much different when porosity is ranging from 0.2 to 0.4. Under this dense condition, a part of incident wave is reflected while other part may be deflected and go via the gap between two neighboring structures. For that reason, the deployment of structures at site can also influence the efficacy of porous structure on wave energy reduction. Thus, it is necessary to take the ratio L/G, where L is the length of structure and G is the gap between two neighboring structures into consideration for determining an optimal design of porous structure. Fig. 9 shows the relationship between L/G and E 2 /E 1 under different θ condition. Because the wave energy reductions are high when porosity is less than 0.4 as shown in Fig. 8 , we selected θ ranged from 0.2 to 0.4 in Fig. 9 . When the θ is small (θ = 0.2 and 0.3), E 2 /E 1 decreases with increasing L/G in any selected cross slope conditions. On the other hand, in sparse porosity case (θ=0.4), the combination of porosity of  = 0.4
and L/G = 5 could bring out the highest wave energy reduction under the mild slope condition (i = 1/100). This result indicates that consideration of not only porosity but also cross slope and gap between neighboring two groins is important for designing stream-wise groins.
CONCLUSIONS
By conducting experiment in combination with numerical simulation, the conclusions of this study are summarized in the following points: 1) A relationship between porosity and drag coefficient is established. The denser porosity is, the higher drag coefficient. 2) Beside porosity, the ground slope behind the structure and L/G can affect the performance of porous structure in aspect of wave energy reduction. Thus, it is necessary to consider both of them as well when designing permeable structures in reality.
Under the 1/100 slope, the combination of =0.4 and L/G=5 could bring out best wave energy reduction.
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